Background Metastatic and refractory gastric cancer (GC) are associated with a poor prognosis; therefore, the identification of prognostic factors and chemosensitivity markers is extremely important. Protein arginine methyltransferase 1 (PRMT1) may play a role in chemosensitivity/apoptosis induction via activation of the tumor suppressor forkhead box O1 (FOXO1). The purpose of this study was to clarify the expression of and relationship between PRMT1 and FOXO1 to evaluate the applicability of PRMT1 as a prognostic marker and a therapeutic tool in GC. Methods We investigated the clinical and functional significance of PRMT1 and FOXO1 in 195 clinical GC samples using immunohistochemistry. We performed suppression analysis of PRMT1 using small interfering RNA to determine the biological roles of PRMT1 in chemosensitivity. Results PRMT1 and FOXO1 in GC samples were predominantly expressed in the nucleus. Patients with lower PRMT1 expression (n = 131) had suppressed nuclear accumulation of FOXO1, higher recurrence after adjuvant chemotherapy, and poorer prognosis than those with higher PRMT1 expression (n = 64). PRMT1 downregulation in GC cells by RNA interference inhibited cisplatin and 5-fluorouracil sensitivity. The expression of phosphorylated FOXO1 and phosphorylated BCL-2 antagonist of cell death was upregulated in PRMT1 small interfering RNA groups. Conclusion Our data suggest that the evaluation of PRMT1 expression in GC is a useful predictor of poor prognosis and recurrence after adjuvant chemotherapy. Moreover, these data suggest that PRMT1 is a promising therapeutic tool for overcoming refractory GC.
Introduction
Gastric cancer (GC) is an important cause of cancer-related death worldwide [1, 2] . Postoperative adjuvant chemotherapy significantly improves the prognosis of GC patients in comparison with that of nontreated GC patients [3] . However, patients with metastasis or refractory disease after surgery often require intensive adjuvant chemotherapy. To provide optimal treatment for GC, identification of predictors of poor prognosis and chemosensitivity is extremely important. Moreover, it is expected that such markers may also be promising treatment targets.
Forkhead box O1 (FOXO1) is an important tumor suppressor that regulates several cellular processes, including apoptosis induction, cell cycle arrest, and DNA repair [4] . In cancer cells, FOXO1 downregulation is associated with cancer progression and resistance to chemotherapy [5] [6] [7] , and its function is inhibited by the phosphatidylinositol 3-kinase-Akt-FOXO1 axis [8] . Therefore, the FOXO1 regulating mechanism has been speculated to be a promising target to overcome refractory GC.
Protein arginine methyltransferases (PRMTs) are enzymes that catalyze the transfer of a methyl group from S-adenosylmethionine to arginine [9] . Arginine methylation plays many important roles in cellular processes, including RNA processing, transcriptional regulation, and protein-protein interactions [9] . PRMT1 is a predominant methyltransferase with a wide substrate spectrum, including FOXO1 and BCL-2 antagonist of cell death (BAD) [10] [11]. The tumor suppressor FOXO1 and the apoptosis-related gene BAD are activated and translocated in the nucleus via arginine methylation by PRMT1. Conversely, phosphatidylinositol 3-kinase-Akt signaling suppresses the function and nuclear translocation of FOXO1 and BAD.
In several cancers, PRMT1 overexpression is related to disease progression and prognosis [12] [13] [14] . Moreover, some studies reported that PRMT1 was associated with the inhibition of proliferation and apoptosis induction in lung cancer and gliomas [15, 16] . On the other hand, PRMT1 inhibition was reported to induce suppression of the proliferation potency of bladder and lung cancer cells [17] and enhanced chemosensitivity via inhibition of DNA repair in osteosarcoma cells [18] . These data suggested that PRMT1 plays various important roles in several types of cancer cells. However, few studies have addressed the clinical significance of PRMT1 expression in GC.
The aim of this study was to evaluate expression levels and identify correlations between PRMT1 and FOXO1 to determine whether expression levels of these genes can be used as markers of prognosis and chemosensitivity in GC. Moreover, we performed PRMT1 suppression analysis to clarify the relationship between PRMT1 and chemosensitivity using GC cell lines.
Materials and methods

Clinical samples and cell lines
Surgical specimens were obtained from 195 GC patients (137 men and 58 women) who underwent potentially curative surgery in the Department of General Surgical Science, Gunma University, between 1999 and 2006. All patients provided written informed consent before participation in this study. The mean patient age was 64.9 years (range 29-88 years). 5-Fluorouracil (5-FU)-based adjuvant chemotherapy was administered to 80 GC patients. The pathological characteristics of the specimens were classified on the basis of the 14th edition of the Japanese Classification of Gastric Carcinoma outlined by the Japanese Gastric Cancer Association. None of the patients received irradiation or chemotherapy before surgery.
The human GC cell lines MKN7, MKN45, MKN74, KATOIII, and AZ521 were provided by the JCRB Cell Bank and RIKEN Cell Bank. All cells were cultured in Roswell Park Memorial Institute 1640 medium supplemented with penicillin at 100 U/mL, streptomycin at 100 U/mL, and 10 % fetal bovine serum in a humidified atmosphere of 5 % CO 2 at 37°C.
Tissue microarrays
Formalin-fixed, paraffin-embedded clinical samples were stored in the archives of the Clinical Department of Pathology, Gunma University Hospital. For each patient, one paraffin block containing representative nonnecrotic tumor areas was selected. GC tissue cores (2.0-mm diameter per tumor) were punched out from the representative areas near the invasive front and transferred into the paired recipient paraffin block by means of a tissue array instrument (Beecher Instruments, Silver Spring, MD, USA).
Immunohistochemical analysis
Tissue sections (2 lm thick) were subjected to immunohistochemical staining. In brief, all sections were incubated at 60°C for 60 min and deparaffinized in xylene, rehydrated, and incubated with fresh 0.3 % hydrogen peroxide in 100 % methanol for 30 min at room temperature to block endogenous peroxidase activity. After rehydration by means of a graded series of ethanol, antigen retrieval was performed with the ImmunoSaver antigen retriever system (Electron Microscopic Sciences, Hattsfield, PA, USA) at 98-100°C for 30 min, and sections were subsequently passively cooled to room temperature. After the sections had been rinsed in 0.1 M phosphate-buffered saline (pH 7.4), nonspecific binding sites were blocked by incubation with protein block serum-free reagent (Dako, Carpinteria, CA, USA) for 30 min. The sections were then incubated with rabbit anti-PRMT1 monoclonal antibody (OriGene Technologies, Rockville, MD, USA) and rabbit anti-FOXO1 monoclonal antibody (Cell Signaling Technology, Danvers, MA, USA) at a dilution of 1:200 overnight at 4°C and at room temperature for 30 min, respectively. The reactions were visualized with a Histofine Simple Stain MAX PO (Multi) kit (Nichirei Biosciences, Tokyo, Japan) according to the manufacturer's instructions. The chromogen 3,3 0 -diaminobenzidine tetrahydrochloride was applied as a 0.02 % solution in 50 mM ammonium acetate-citric acid buffer (pH 6.0) containing 0.005 % hydrogen peroxide. The sections were lightly counterstained with hematoxylin and mounted. No detectable staining of negative controls incubated without the primary antibody was evident.
Evaluation of immunostaining
Immunohistochemistry slides were scanned and evaluated by two experienced examiners. The intensity of nuclear PRMT1 and FOXO1 was scored as follows: 0 for no staining; 1? for weak staining; 2? for moderate staining; and 3? for strong staining. Nuclear immunoreactivity of PRMT1 was assessed as follows: (1) a low expression group, i.e., no staining, cytoplasmic staining, weak nuclear staining, or moderate nuclear staining of tumor cells, defined as scores of 0, 1?, and 2?; and (2) a high expression group, i.e., strong nuclear staining of tumor cells, defined as a score of 3?. Nuclear immunoreactivity of FOXO1 was assessed as follows: (1) a low expression group, i.e., no staining and cytoplasmic staining of tumor cells, defined as a score of 0; and (2) a high expression group, i.e., weak nuclear staining, moderate nuclear staining, or strong nuclear staining of tumor cells, defined as scores of 1?, 2?, and 3?.
RNA interference of PRMT1 expression
PRMT1-specific small interfering RNA (siRNA) 1 (sense sequence, GUGAGAAGCCCAACGCUGAtt), PRMT1-specific siRNA2 (sense sequence, CCGUCAAGGUGGA AGACCUtt), and a negative control siRNA were purchased from Bonac (Kurume, Japan). MKN7 GC cells were seeded at 2 9 10 5 cells per well in a volume of 2 mL in six-well flat-bottom plates and incubated in a humidified atmosphere of 5 % CO 2 at 37°C. After 24 h of incubation, the siRNAs were mixed with 200 lL of Opti-MEM TM medium (Life Technologies, Carlsbad, CA, USA) and 4 lL of Lipofectamine RNAiMAX (Life Technologies), and incubated for 20 min. Next, the reagents and 800 lL of Opti-MEM were added to each well. RNA interference assays were performed after a 48-h incubation period.
Protein extraction and Western blot analysis
Western blot analysis was used to confirm the expression of PRMT1, FOXO1, and b-actin in the GC cell lines. Total proteins were extracted with PROPREP protein extraction solution (iNtRON Biotechnology, Seongnam, South Korea). Nuclear proteins were extracted with a LysoPure TM nuclear and cytoplasmic extractor kit (Wako Pure Chemical Industries, Osaka, Japan). These proteins were electrophoresed through NuPAGE 4-12 % [bis(2-hydroxyethyl)amino]tris(hydroxymethyl)methane gels (Life Technologies) and then electrotransferred to poly(vinylidene difluoride) membranes. The membranes were blocked with 5 % skim milk or 5 % bovine serum albumin, and the proteins were detected with use of an anti-PRMT1 antibody (dilution, 1:1000; OriGene Technologies), an anti-FOXO1 antibody (dilution, 1:1000; Cell Signaling Technology), an anti-phosphorylated FOXO1 (p-FOXO1) antibody (dilution, 1:1000; Abcam, Cambridge, UK), and an anti-phosphorylated BAD (p-BAD) antibody (dilution, 1:1000; Abcam), with anti-b-actin antibody (dilution, 1:1000; Sigma-Aldrich, St Louis, MO, USA) and anti-histone deacetylase 1 antibody (dilution, 1:1000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) serving as controls. Bands were stained with ECL Prime Western blotting detection reagent, and band intensities were calculated with an Image Quant LAS 4000 digital imaging system (GE Healthcare Life Sciences, Cleveland, OH, USA).
Chemosensitivity analysis
MKN7 and MKN45 cells transfected with PRMT1 siRNAs were dispensed into 96-well plates. Twenty-four hour after the initial seeding, cisplatin and 5-FU were added for 48 h (cisplatin final concentrations of 0, 1.0, 2.0, 4.0, 8.0, and 16 lg/mL; 5-FU final concentrations of 0. 0.1, 1.0, 10, 100, and 1000 lg/mL). To quantitate cell viability with the water-soluble tetrazolium salt WST-8 assay (Dojindo Molecular Technologies, Rockville, MD, USA), 10 lL of the cell counting solution was added to each well, and the plates were incubated at 37°C for 2 h. We determined cell viability by measuring the absorbance of the medium at 450 nm, with the reference wavelength set at 650 nm. The absorbance values were read with an xMark microplate absorbance spectrophotometer (Bio-Rad Laboratories, Hercules, CA, USA).
Statistical analysis
For continuous variables, the data are expressed as the mean ± standard deviation. The relationship between PRMT1 expression and the clinicopathological factors and in vitro assay data were analyzed by Student's t test, the chi-square test, and analysis of variance. Overall survival curves measured from the day of surgery were plotted according to the Kaplan-Meier method, and the log-rank test was applied for comparison. A probability (P) value of less than 0.05 was considered statistically significant. The relative multivariate significance of potential prognostic variables was investigated. Cox proportional hazards regression analysis was used to test the independent prognostic contribution of nuclear PRMT1 expression. All Nuclear PRMT1 expression is associated with poor prognosis and chemosensitivity in gastric… 791 statistical analyses were performed with JMP (SAS Institute, Cary, NC, USA).
Results
Immunohistochemical staining of PRMT1 and FOXO1 in GC tissues
Immunohistochemical analysis showed that PRMT1 and FOXO1 expression was present in 195 GC samples. PRMT1 and FOXO1 were predominantly expressed in the nucleus. Sixty-four GC specimens (32.8 %) were assigned to the high PRMT1 expression group and 131 GC specimens (67.2 %) were assigned to the low PRMT1 expression group, whereas 131 GC specimens (67.2 %) were assigned to the high FOXO1 expression group and 64 GC specimens (32.8 %) were assigned to the low FOXO1 expression group. Our analysis revealed that nuclear FOXO1 expression was correlated with PRMT1 levels, i.e., the high PRMT1 expression group demonstrated higher FOXO1 levels than the low PRMT1 expression group (Fig. 1) .
Association between the nuclear expression of PRMT1 and FOXO1 and clinicopathological factors in 195 GC samples
Correlations between PRMT1 expression and patient clinicopathological characteristics (age, sex, histological subtype, tumor depth, lymph node metastasis, lymphatic invasion, venous invasion, pathological stage, and recurrence after adjuvant chemotherapy) and FOXO1 nuclear expression levels are shown in Table 1 . The results indicated that patients with low versus high tumor PRMT1 expression differed with respect to nuclear FOXO1 expression and recurrence: the low expression group had decreased FOXO1 nuclear accumulation (P = 0.0012) and higher recurrence Fig. 1 Immunohistochemical analysis of protein arginine methyltransferase 1 (PRMT1) and forkhead box O1 (FOXO1) expression in representative gastric cancer tissue samples. a Nuclear FOXO1 (right) expression levels were enhanced in tissues that displayed high levels of nuclear PRMT1 expression (left). b Nuclear FOXO1 (right) expression levels were decreased in tissues that displayed low levels of nuclear PRMT1 expression (left). Magnification 9100 after adjuvant chemotherapy (P = 0.043). However, no significant differences were observed with respect to age, sex, histological subtype, tumor depth, lymph node metastasis, lymphatic invasion, venous invasion, or pathological stage.
Prognostic significance of PRMT1 expression in GC patients
Cancer-specific survival of GC patients with low PRMT1 expression tumors was significantly less favorable than that of patients with high PRMT1 expression tumors (P = 0.04; Fig. 2 ). Multivariate analysis indicated that low PROX1 expression in GC tissues was an independent prognostic marker of poor survival, similar to tumor depth, lymph node metastasis, and venous invasion (P = 0.037; Table 2 ). These results were consistent with cancer-specific survival rates of GC patients with low FOXO1 nuclear expression in tumors, which were significantly lower than those of patients with high FOXO1 expression (P = 0.0002; Fig. S1 ). On the other hand, low PRMT1 tumor expression in GC patients was not significantly associated with shorter overall survival and disease- m mucosa, mp muscularis propria, Muc mucinous adenocarcinoma, Pap papillary adenocarcinoma, Por poorly differentiated adenocarcinoma, se serosa, si adjacent structures, Sig signet ring cell carcinoma, sm submucosa, ss subserosa, Tub tubular adenocarcinoma
Nuclear PRMT1 expression is associated with poor prognosis and chemosensitivity in gastric… 793
free survival compared with those of patients with high levels of PRMT1 expression (Fig. S2a, b) . However, overall survival and cancer-specific survival of GC patients with tumors with low PRMT1 expression levels treated with adjuvant therapy (n = 80) were worse than those with high PRMT1 expression levels (P = 0.04, P = 0.037; Fig. S2c, d ).
PRMT1-specific siRNAs inhibited chemosensitivity in vitro
PRMT1 expression was detected in MKN7, KATOIII, MKN45, and AZ521 cells (Fig. 3a) , whereas FOXO1 was expressed in MKN7, MKN45, and AZ521 cells. We chose two PRMT1-specific siRNAs (siRNA1 and siRNA2) to investigate how the inhibition of PRMT1 expression affected sensitivity to cisplatin and 5-FU in MKN7 and MKN45 cells. PRMT1 siRNA significantly reduced the expression levels of PRMT1 and induced nuclear expression of p-FOXO1 and p-BAD, as compared with the control siRNAs (Fig. 3b, c) .
The reduction in PRMT1 expression significantly inhibited sensitivity to cisplatin and 5-FU (Fig. 4) .
Discussion
The results of this study demonstrate that low nuclear expression of PRMT1 was correlated with nuclear FOXO1 accumulation and recurrence after adjuvant chemotherapy and that nuclear PRMT1 expression was an independent prognostic factor for GC. These results are supported by in vitro findings showing that PRMT1 regulates GC cell chemosensitivity.
From the data in the present report and previous reports, PRMT1 is known to have a dual function as a tumor suppressor and promoter [15, 17, 19] . PRMT1 suppression may both induce antitumor effects and proliferation depending on the cell type. Three types of arginine methylation have been reported; monomethylarginine (MMA), asymmetric dimethylarginine (ADMA), and symmetric dimethylarginine (SDMA), with PRMT1 accounting for more than 90 % of the AMDA type of methylation [20] . The loss of PRMT1 increased the levels of MMA and SDMA, and PRMT1 is transported between the nucleus and cytoplasm depending on the methylation status of substrate proteins in several cells [21] . On the other hand, PRTM1 has some splicing variants, and the noncoding variant of PRMT1, PRMT1 variant 2, was reported to be associated with progression of both colon and breast cancer [13, 22] . Moreover, it was reported that PRMT1 functions such as substrate recognition and methylation are inhibited by phosphorylation of Tyr291 [23] . The disparity in PRMT1 functional analysis data may be due to the cell-specific balance of substrate methylation status, PRMT1-splicing variants, and PRMT1-phosphorylation status in each cancer cell line. The results of our in vitro study show that p-FOXO1 and p-BAD, which are phosphorylated by Akt, were induced in PRMT1 siRNA cells. These phosphorylated proteins are known to be in the inactive forms and transferred to extranuclear cellular compartments. Therefore, we speculated that PRMT1, at least in GC, might function as a tumor suppressor via activation of the tumor suppressors FOXO1 and BAD. FOXO1 is known to be an important tumor suppressor in several types of cancer cells [4] , and we validated the correlation of PRMT1 protein expression and FOXO1 nuclear translocation in clinical GC samples. We focused on FOXO1 as one of the PRMT1 substrates; however, it was reported that methylation by PRMT1 regulates various important cellular functions, not only via suppression of Akt/FOXO1 signaling, but also via other factors, including BAD [11] , BRCA1 [24] , histones [25] , and bone morphogenetic protein [26] . In this study, we showed that PRMT1 suppression induced chemoresistance and nuclear accumulation of p-FOXO1 and p-BAD in GC cell lines, and GC patients with low PRMT1 expression had a significantly higher incidence of recurrence after adjuvant chemotherapy than those with high PRMT1 expression. Similarly to what we observed, PRMT1 has been suggested to be related to drug resistance in acute lymphoblastic leukemia [27] and apoptosis induction [10, 11, 28] . However, PRMT1 was reported to be overexpressed in several cancers; therefore, some researchers have focused on PRMT1 as a potential therapeutic candidate involving a strategy to target PRMT1 by developing specific inhibitors [29] [30] [31] . Our results suggest that PRMT1 induction is a promising therapeutic tool; however, further studies are required to determine if PRMT1 should be targeted or induced to overcome refractory cancers.
In conclusion, low PRMT1 expression is associated with a shorter duration of cancer-specific survival and recurrence after adjuvant chemotherapy in patients with GC. PRMT1 expression in patients with GC may be a useful predictor of poor prognosis and recurrence. Moreover, PRMT1 expression is associated with nuclear accumulation of tumor suppressing FOXO1 in clinical GC samples, and chemoresistance is induced by PRMT1 suppression through the inactivation of FOXO1 and BAD. Our results suggest that PRMT1 is a promising therapeutic tool for overcoming refractory GC. 
